We report a simple atomic force microscopy-based concept for a hard disk-like data storage technology. Thermomechanical writing by heating a Si cantilever in contact with a spinning polycarbonate disk has already been reported. Here the medium has been replaced with a thin polymer layer on a Si substrate, resulting in significant improvements in storage density. With this new medium, we achieve bit sizes of 10-50 nm, leading to data densities of 500 Gbit/in.
In the beginning of research with local probes ͑LP͒, i.e., in the early years of scanning tunneling microscopy ͑STM͒, accidental local modification of surfaces was widely reported. In this respect, atomic-scale modification of surfaces was thus demonstrated long before atomic-scale imaging. The potential for storage applications was obvious, particularly because of the capability for very small bit sizes. A real practical device, however, was not yet in sight. There were no early concepts to overcome the problems of extremely low data rates, tip instability, involuntary damage of tip and sample caused by vibration, and bit erasure. Hope came with the introduction of the scanning near-field optical ͑SNOM͒ 1,2 and the atomic force microscopes ͑AFM͒, 3, 4 although first impressive results were achieved with a different LP technique, called scanning capacitance microscopy. 5 Owing to the low stiffness of AFM cantilevers, the tip can be allowed to contact the surface without damage, which greatly simplifies the technique and makes it rather insensitive to vibrations. After optical deflection and piezoresistive sensing were introduced, 6, 7 imaging speed became much higher with AFM than with STM. SNOM has the potential for even higher data rates as it is not limited by the mechanical response time of cantilevers, but it is not typically operated in contact mode. Parallel operation can be implemented more easily for AFM as demonstrated by research on lithographic and storage applications. [8] [9] [10] [11] Massively parallel operation can, in principle, achieve virtually unlimited data rates. This, however, requires simple functionality and reliable operation of the individual LP devices.
One such data storage proposal of elegant simplicity is AFM thermomechanical data storage. 4, 12 The resistive cantilever tip is heated by current pulses and forms indentations in a polycarbonate disk surface. In recent years, AFM thermomechanical recording has undergone extensive modifications mainly with respect to integration of sensors and heaters designed to enhance simplicity and increase data rate and storage density. [13] [14] [15] Using these heater cantilevers, thermomechanical recording at 30 Gbit/in.
2 , and data rates of 1-10 Mbit/s for reading and 100 kbit/s for writing have been demonstrated. [13] [14] [15] This letter describes a new hard disk-like approach with high storage density that is based on AFM thermomechanical data storage. The cantilever is equipped with an integrated tip heater. The demonstrated storage density, however, is of the order of 500 Gbit/in.
2 . The increased density results from using a thin polymer layer on a silicon substrate as the recording medium. Erasing is also possible and is implemented blockwise rather than bit by bit. The data blocks are arranged in rectangular two-dimensional ͑2D͒ fields, and their creation requires writing by scanning the lever in the x -y plane instead of writing radially with a rotating disk. An important further simplification is achieved by using the heater cantilever also as the readback sensor cantilever.
Thermomechanical writing is a combination of applying a local force to the polymer layer and softening it by local heating. Several issues are involved in this operation, including the spatial and temporal localization of the heat deposition, the melting and displacement of media to form data bits, and the wear of the tip. In previous work, the heating and cooling rates of Si cantilevers with heated tips have been studied. 14 The heat transfer from the tip to the polymer through the small contact area is very poor and is enhanced by increasing the contact area. This means the tip must be heated to a relatively high temperature ͑Ӎ400°C͒ to initiate the melting process. Once melting has commenced, the tip is pressed into the polymer, which increases the heat transfer to the polymer, increases the volume of melted polymer, and hence increases the bit size. Even if tip heating is stopped as soon as the melting process begins, the heat capacity of the tip and the poor thermal conduction through the polymer a͒ Electronic mail: pv@zurich.ibm.com APPLIED PHYSICS LETTERS VOLUME 74, NUMBER 9 1 MARCH 1999 lead to the formation of large bits. Moreover, the poor thermal conduction of the polymer causes the heated region to remain hot even after the tip has cooled, enabling further displacement of media and an increase of bit size. This can be improved if the thermal conductivity of the substrate can be increased, and if the depth of tip penetration can be limited. We have explored the use of very thin polymer layers deposited on Si substrates to improve these characteristics, 16 as illustrated in Fig. 1 . The harder Si substrate prevents the tip from penetrating farther than the film thickness allows, and it enables more rapid transport of heat away from the heated region, as Si is a much better heat conductor than the polymer. We have spun a 40 nm film of polymethylmethacrylate ͑PMMA͒ onto Si substrates and achieved bit sizes ranging between 10 and 50 nm. We noticed, however, increased tip wear, probably caused by the contact between tip and Si substrate during writing. Therefore we introduced a 70 nm layer of crosslinked photoresist between the Si substrate and the PMMA film to act as a softer penetration stop to avoid tip wear. PMMA was chosen because it has a sufficiently low glass transition temperature ͑150°C͒ for thermal writing and can be spun on as thin, flat, uniform films. Si was chosen as the substrate for its low cost, availability, thermal stability, and high thermal conductivity. The photoresist was used because of its low surface roughness, its softness, and its thermal stability.
Using this layered storage medium, data pits 40 nm in diameter have been successfully written as shown in Fig. 2 . The writing was performed using a 1-m-thick, 70-m-long, two-legged Si cantilever. The resistive heater region at the tip is formed by heavy-ion implantation of the cantilever legs with the lightly doped tip region masked off. Electrical pulses 2 s in duration were applied to the cantilever with a period of 50 s. This is relatively slow compared to previous work. The main difference is that a scanner instead of a rotating disk was used as driving mechanism. The scanner was part of an AFM and not yet optimized for high-speed storage applications. In future work, we will reduce the coupling between scanning and the z motion of the lever, and perform measurements at highest writing speed possible with this medium. The tip velocity in these measurements was 2400 m/s. Uniform arrays of data marks can be written, Fig. 2͑a͒. Figure 2͑b͒ shows that marks can be written very close to each other without merging, implying a potential bit areal density of 400 Gbit/in.
2
. Imaging and reading are done using a new method. 17 The heater cantilever used originally only for writing was given the additional function of a thermal readback sensor by exploiting its temperature-dependent resistance. The resistance increases roughly linearly with temperature by a factor of 3 from room temperature to 500°C. Above 500°C the resistance drops as the number of intrinsic carriers increases due to thermal excitation. For sensing, the resistor is operated at Ӎ350°C. The principle of thermal sensing is based on the fact that the thermal conductance between the resistor and the storage substrate changes according to the spacing between the two. The medium between lever and storage substrate-in our case air-transports heat from one side to the other. When the spacing between heater and sample is reduced as the tip moves into a pit, the heat transport through air will be more efficient, and the heater's temperature and hence its resistance will decrease. Thus, changes in temperature of the continuously heated resistor are monitored while the cantilever is scanned over data pits, providing a means of detecting the pits. Figure 3 illustrates this concept.
This effect is most efficient for a heater-sample spacing of about 1 m. For much wider spacings, the heat sink through air can be ignored compared to that through the legs of the lever. For a much narrower spacing, the mean free path of the molecules in the air becomes comparable to the gap width, and the heat conductance becomes independent of spacing.
The sensitivity of the heat sensor is difficult to compare with that of piezoresistive strain sensors. The former, for example, is completely independent of the spring constant of the lever, unlike the piezoresistive method, and also depends on the kind of substrate to be investigated. Thermally unstable substrates are less suitable as they require a lower heater temperature. In our measurements on PMMA, ⌬R/R values of 10 Ϫ6 -10 Ϫ5 /nm have been found, resulting in an excellent signal-to-noise ratio when the tip is scanned over a 40-nm-deep data pit. This is demonstrated by the images in Fig. 2 obtained by this thermal readback technique. The bandwidth of the thermal sensor depends on the geometrical design of the lever. In a simple model, the time constant for cooling the resistor is given by its heat capacitance and the thermal conductivity between resistor and the heat sink of lever and substrate. Scaling the length and thickness of the lever while leaving the width of the lever and heater area constant scales the thermal time constant but leaves the tunnel conductance and spring constant of the lever the same. Extremely short levers with thicknesses on the nanometer scale are desirable to achieve response times shorter than 1 s. We measured response times of about 10 s for our levers.
Erasing is done simply by thermal reflow of a rectangular storage field as a whole. Whereas for bit sizes of Ӎ1 m or more, erasing is difficult or not possible at all, bits of 100 nm or smaller can be erased very easily by heating the media of one storage field to Ӎ150°C for a few seconds. We observed no alteration of the PMMA film after repeated writing and erasing as shown in Fig. 4 . With this approach, storage fields of a few hundred microns can be erased en bloc.
We have demonstrated several features of an improved thermomechanical AFM data storage technology. Media consisting of thin polymer layers on a Si substrate enable formation of very small data features because of the limited tip penetration and improved thermal transport. A new method for readback based on sensing of thermal transport has been presented, and repeated erasing and rewriting of data have been demonstrated. All of these elements are consistent with the use of 2D arrays of heater cantilevers scanned over fields of a stationary substrate, which could become the basis of an advanced microelectromechanical system-based data storage technology.
